The cohesive single-stranded ends of temperate Bacillus subtilis phage +105 were analyzed with the exonuclease activities of the Kienow fragment of DNA polymerase I and with exonuclease III and were found to be 3' extensions. Chemical sequencing of 3'-end-labeled fragments showed that the ends are 7-base extended 3' single strands and have the sequence: 5'-GCGCTCC-3'. 3'-CGCGAGG-5'
Mature bacteriophage lambda DNA contains guanosineplus-cytosine-rich complementary 5' single-stranded ends of 12 base pairs in length (11) . These allow the formation of relatively stable circular intermediates, protecting the DNA from exonucleases and serving as templates for the first phase of lambda DNA replication. The cohesive end site (cos site) also serves as the recognition site for the terminase and packaging enzyme, ter (1, 6).
The temperate Bacillus subtilis bacteriophage 4105 also has cohesive DNA termini (4, 8) . It has been proposed that, because the prophage and mature phage genetic maps are colinear, the phage attachment site (att) is at or near the cos site (1, 9). The failure to detect circles in heteroduplexes between prophage and mature phage DNA led other workers to conclude that the att site is within 20 base pairs of the ends of the phage (5). It is clear that the ends of 4105 differ significantly from those of lambda. Early attempts (3) to show circular or concatenated intermediates were unsuccessful, even though electron micrographs of phage DNA suggested the presence of circular intermediates. Chow et al. (4) showed the presence of cohesive, single-stranded termini in 4105 through the use of exonuclease S1 and ligase on EcoRI-digested DNA. Heat dissociation of the ends indicated that the 4105 ends associate more rapidly with one another than do the lambda ends. Attempts to determine the polarity of the 4105 ends (2) were unsuccessful.
We elucidated the structure of the single-stranded termini of 4105 by using enzymes which should selectively degrade the 3' ends of DNA. Exonuclease III (exoIII) degraded the 3' ends of duplex DNA but not single-stranded 3' protruding ends. The Klenow fragment of DNA polymerase I had a 3' -5' exonuclease activity on single-stranded, 3' extensions.
When restriction digests of 4105 were examined on agarose gels after heat treatment in an attempt to dissociate the ends, end-joined fragments remained. The addition of formamide to 50% was necessary to dissociate the ends. The removal of the formamide allowed reannealing of the phage ends. This reannealing ability served as the assay for the nuclease reactions. Phage DNA was either passed through two heat-cool cycles (65°C, 15 min; ice bath, 15 min) to separate the ends, or the DNA was stored at 4°C to facilitate the formation of end-joined substrates. Phage DNA (1.5 ,ug) * Corresponding author.
was then exposed to the appropriate exonuclease, in the buffer recommended by the manufacturer, for a short time (15 to 30 min). The exonucleases were heat denatured, and the samples were treated with formamide to separate the ends. Formamide was removed by precipitation of the DNA from ethanol, and the DNA was restricted with the appropriate restriction enzyme (EcoRI for 4105, BamHI for lambda). Samples were again heated to separate ends and then were placed at 37°C for 1 h to allow reannealing. The results of these experiments are shown in Fig. 1 . The ability of EcoRI-C and D to reanneal to form the end joint (EcoRI-A) was abolished by exollI in both heat-treated and unheated samples (lanes 1 and 2). This suggests that the ends of 4105 reanneal quite rapidly, even after heat treatment, allowing exoIllI to degrade at the duplex nick at the end joint. Lanes 5 to 8 show that the Klenow fragment is also capable of degrading the ends of 4105, both in heat-treated and unheated samples. It appears that, under these conditions, the ends of 4105 are in a dynamic equilibrium ofjoining and separating. The presence of nucleoside triphosphates in the Klenow reaction did not appreciably affect the exonuclease activity of the enzyme (lanes 7 and 8) .
Figure 1 also shows the effects of the same enzymes on coliphage lambda, which has single-stranded 5' protruding tails. ExolIlI, which prefers recessed 3' ends to nicks, apparently degraded heat-treated lambda DNA well past the cohesive ends, resulting in an inability to reanneal efficiently (lane 1). The reannealing ability of unheated DNA was not significantly affected by exolIlI (lane 2). The Klenow fragment alone had no effect on the lambda ends (lanes 5 and 6). As expected, the presence of the four deoxynucleoside triphosphates allowed synthesis of the complement to the single-stranded ends, resulting in an inability to reanneal (lanes 7, 8) .
These experiments show that the ends of 4105 are 3' protruding ends and confirmed the 5' polarity of the lambda tails. The inability of these enzymes to distinguish between heated and unheated 4105 DNA suggests that the ends are in a dynamic equilibrium between single-stranded protruding ends and the fully hydrogen-bonded duplex. This phenomenon was not exhibited by the lambda tails and suggests that the ends of 4105 are shorter than those of lambda.
Having determined that the ends of 4105 are 3' protrusions, we determined the base sequence of the ends. by using terminal deoxynucleotidyl transferase and [32P]cordycepin triphosphate. The DNA was passed through several heat-cool cycles to maximize labeling of the ends. After EcoRI digestion of end-labeled DNA, formamide was added to 50%, and the end joint fragments EcoRI-C and EcoRI-D were isolated from preparative agarose gels. The two fragments were reacted independently by the chemical sequencing procedure (7), and the base sequence of the first 40 bases of each was determined (Fig. 2) . The sequence determined from the 3' end of the two fragments indicated a 7-base-pair complementary sequence. Thus, the ends of 4105 are 3' and relatively short (7 base pairs), and they have the sequence C band-5'-GCGCTC C-3' 3'-CGC GAGG-5'-D band. Our results differ from an earlier conclusion (2) that the ends of 4105 are not 3' single strands. The earlier conclusion was based on the fact that the ends of 4105 were not apparently degraded by exonuclease I. We showed that at 37°C the ends of 4105 are in rapid equilibrium between the duplex atid single-stranded forms. The earlier workers (2) made no attempt to guarantee that the ends of 4405 were separate and thus not a substrate for the enzyme.
The base sequence of the ends of 4105 shows a high guanosine-plus-cytosine content, similar to those of lambda.
As with lambda, it is likely that the 4105 cos site serves to allow circularization of the phage DNA upon entry into the host cell, protecting it from degradation by host nucleases. In addition, it has been suggested that the attachment site of 4105 (att) is located either at the ends of the phage (1, 9) or within 20 base pairs of the ends (5) . If this is correct, 4105 differs significantly from lambda, whose att site is located internal to the ends and near the phage immunity region. The lambda att site is a 234-base-pair, high adenine-plusthymine-conteht region (70%) which surrounds a core sequence of 15 base pairs (10, 11) . The correct core sequence is absolutely required for proper integration of lambda into the host chromosome. Examination of the sequence surrounding the 4405 cos site in the end joint shows no similarity to the lambda att core sequence, and the adenineplus-thymine content of the 4105 cos region is only slightly higher than that of total phage (50 versus 43% [3] 
